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SUMMARY

The effects of specimen-axlis orientation with respect to forging
direction on the. true stress-strain curves and the fracturing charac-
teristics at rogp temperature of forged gnd subsegquently heat-treated
bille?s pf alloys 16-25-6, S—816 and Inconel P were’ Investigated.

i E l\
--ul

, of these alloys produced a mechanical.anisotropy of
frad%drezproperties that wes pronounced for 16-25-6, somewhat less
for 5-816, and slight for Inconel X. In the case of 16-25--66
ductilities of specimens having orlentatlons greater than 60° were
less than one-half the value of a specimen having an orientation of
0° (axls parallel to forging direction). The stress producing a
glven plastic stralin below the fracture strain was only slightly
affected, however, by the specimen orilentatlon.

Comparison among data of the three investigabed alloys and data
of several other mabterlals obtalined from reference reports Indlcated
that mechanical anisotropy affected. the fracturing characteristics
of all the materials in the same general manner,

INTRODUCTION

Hot or cold deformation of metals can produce anisotropy, or
directionality, of the mechanical propertles. Thls anisotropy is of
two main types: crystallographic anlisotropy due to preferred orien-
tatlon of the metal crystals and mechanlcal anisobtropy due to orisn-
tation and elongation of inclusions, cavities, and preciplitates that
ocour during hot working and that produce a fibrous structure.

As shown by Unckel (reference 1), Klingler and Sachs (refer-
ence 2}, Baldwin, Howald, and Ross (reference 3), Phillips and
Dunkle (reference 4), and others, crystallographic anisotiropy .
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results from cold working and may be present after annealing If the
cocld deformatlons are severe. This process canses continuous varia-
tions In the stress-strain and fracbture properties with the direction
of testing. The magnitude of these effects depend on the past work-
ing and thermal history of the alloy and can be explalned by con-
sldering the plastlc anlsotropy of the individuval grains.

Mechanical anisotropy or flbering primsrily results from hot
working (reference 5) and in same cases is difficult to remove by
any reasonAable heat treatment, as ghown in reference 6. This type
of anisotropy is considered to be the probable cause of lower trans-
verse ductllity and Impact strength of many steel and aluminum
forgings. The transverse ductility may thus be less than one-half
the value In the forging direction. The manner In which fibering
influences the variation of plastic and fracture properties is not
definitely known.

Scattered informetion is available on the variation of duc-
t11ity with testing direction resulting from both types of anlso~
tropy for several different metals (references 1, 2, 4, 5, and 7).
Only reference 7, however, reports agsociate changes in the frac-
ture stress and none of the references attempts to correlate
directly the variations ln mechanlical propertles with the micro-
structure. The evidence presented thus far Indicates that fibering
certainly has 1llttle or no effect on the plastic properties but may
have a pronounced effect on the fracture characteristics.

Turblne components, such as blades, blade fastenings, and
wheels, undergo plastic flow during service and the life of such
components may be influenced by either cne or both of the aniso-
tropies previocusly mentioned. The optimum design of these compo-
nents having complicated contours would require a Ikmowledge of the
gtress-gtraln and fracture characteristice and how they are Influ-
enced by the direction of stressing as related to the principal
deformation direction in previous working. In such cases, it
would be edvantageous to have the axls of the algebralcally
smallest stress colncide with the weakest metal direction. Con-
vergely, if the condltions of test or service are not severely
embrittling, the fracture stress 1s insignlificant to the designer
and a condition of instability or some amall limiting atrain may
determine failure. In such cases, the conventlonal yield, temslle,
creep, or rupture strengths (all based on the initial area) are
used as a basls for design.

In order to study the mechanical anisotropy in typlcal high-
temperature alloys, an investlgation was conducted at the NACA
Lewls laboratory and lg presented herein. The influence of the
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testing direction in relation to the forging direction on the true
stress-straln curves and fracture characteristics was determined for
5-816, Inconel X, and 16-25-6 alloys. These alloys were chosen as
representatives of cobalt-nickel-chromium, nickel, and iron base
alloys, respectlively. Forglings with approximately 4-inch diameters
were selected to approach the condltions encountered in commercial
fabrication. In order to represent a problem as fundamental and
simple as poasible and to permit comparison with data on other
metals obtalined from reference reports, the alloys were worked in
one direction only.

Tensile tests at room temperature were consldered most suitable
for a preliminary investigation because these metals, which do not
neck deeply, are subjected to & slmple state of stress and thus offer
the maximum opportunity Ffor any mathematicel analysis. Orientation
angles from 0° to 90° (between the Pforging direction and the specimen
axis) were investigated. Data obtained Proam the investigation
reported herein are compared with data obtained froam reference reports
and an attempt l1s made to correlate the observed changes with micro-
structures of the forgings.

MATERTAT. AND SPECIMEN PREPARATION
The nomlnel compositions, as furnished by the suppllers, and

the average Rockwell-C hardnesses of cross sections of the three
alloys investigated are shown in the following table:

Alloy Cr [Co} N1 (Mo | C Fe | Mn ! N W Cb [ S | T1 | AL |Rockwell-C

: hardness .
16-25-6 |16.4 | --125.2 |5.8{0.08{b2l.|1.8 |0.164 [wc~= |~=u= 068 |~m=m|mm=—- 2612
S—_SlS -119.8 [ 43]20.4 [4.3| .38{2.8 |1.55|~===~ 4,0513.51 | +26)mmemm| === 2612
Inconel X|14,56| --|73.10} =--| .04|7.0Ll} .53 |~---e|-=--]| .88 .44|2.38|0.90 223

Attempts were made to obtaln forgings of lmown working history.
The Inconel X alloy was' (1) forged at 2225° F from an 18-inch

square Ingot to a 12—-inch octagon and air-cooled; (2) forged to a
8-inch square at 2225° F and air-cooled; (3) rolled to 4——-inoh

dismeter at 2200° F and quenched; and (4) machined to a 4 inch
diameter. The 16-25-6 alloy was: (1) hot-Porged at 2100° F from
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an Ingot of unknown size to a 4%—inch square; and (2) hot-cold worked

at 1200° F to a 4-inch octagon (approximetely 22-percent reduction).
The S-816 alloy was: (1) forged at 2250° F from a 9-inch diameter
ingot to a 6-inch squars; (2) forged at 2200° F to a 4-inch square;
and (3) solution-treated at 2250° F and water-guenched, followed by
eging at 1400° F for 6 hours and air-cooling.

Sectlone 4 Inches long were cubt from the ends of the forged bars

and a plate approximately 4 Inches wlde containing the bar axis was
cut from each sectlon (fig. 1). The angular position of the plate in
relation to any specific bar diameter was unimportant becasuse macro-
etching revealed the structure of the forgings to be uniform over
the cross sections. A hardness survey of the bar oross sectlions
showed the Rockwell-C hardness to be unlform within +3 points. Speci-
men blanks were then cut from the plates at the locatlon shown in
figure 1. In order to lnesure that any radlal nonuniformity of work-
ing, which may be present, d4id not Influence the results, all specl-
nen centers were taken at the same distance from the bar axis.

Buttonhead specimens of the type shown In figure 2 were rough
machined from the blanks without the 2.7-inch radius. The rough~
machined specimens were heat-treated according to the followlng
conditlons:

Alloy Solution -|Solution Aging Aging
temperature time temperature;time
(°F) (fr) (°F) (hr)
16-25-6 ———— - 1200 4
S-816 2300 _ 1 1400 16
' 1550 24
Inconel X ) 2100 - 4 1300 {2 o

The S-818 alloy was air-cooled and Inconel X was oll-gquenched from
the solution temperatures; all alloys were air-cooled from the aging
temperatures. The specimens were finlshed by grinding, wlth partic-
ular care being teken +t0 maintain concentricity of the cylindrical
sections and to insure that the areas under the buttonheads were
square wilith the specimen axis. The cross sections of the specimens
were tapered to a minimum dlameter at the center by grinding a
2.7-inch radius, as shown in figure 2. This radius is sufficlently
large 8o that its effects on the stress state can be neglected

(fig. 19 of reference 8). A reduced cross section at the center
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wag necessary for two reasons: (1) because fracture would definitely
teke place at the strain-measuring location, and (2) because maximum
stress would be restricted to a glven locatlon with respect to the
geomstry of the origina.l forged bar.

A number was stamped on the end of each specimen for identifi-
cation as to orilentation. Specimen orientation 1s defined by the
angle between the specimen axis and the forging direction, which is
assumed to colncide with the bar axls, as shown in figure 1. An
orientatlion angle of 0° thus describes & specimen the axls of which
was orliginally parallel to the forging direction of the forged bars;
whereas one of 90° describes = specimen the axis of which was origi-
nally radial with respect to ‘the bar (transverse direction).

APPARATUS AND PROCEDURE

The tenslle investlgatione were mede with a hydraulic tensile
machine. Speclmens were fractured in a special concentriec loading
fixture (fig. 3), which is simlilar to & design described in refer-
ence 9. This Pixture insures that the load is initially applied
coincident (within 0.0005 in.) with the specimen axis in order to
eliminate bending moments. _

Reduction in dlsmeter at the minimum cross section during
loading was measured by means of a mechanical radial strain gage
(fig. 4) and was mounted on the specimen as shown in Figure 3. With
this method, dismeter changes of 0.00005 inch could be determined
over & total range of 0.024 inch. This range corresponds to a
minimum longitudinel -strain of 0.00048 and & maximum longitudinal
natural strain of 0.24 for this size specimen. Measurements with
the gage were made up to a change In dlameter of 0.020 inch and if
fracture had not occurred, measurements were continued wilth polnt
micrometers. In order to determine the final diameter, the two
halves of the broken specimsn were matched and the minimnm cross
section was measured on several different diemsters with point
micromsters.

Photographe at magnifications of 8 and 250 were prepared for
fractured specimens representing selected orientations. In each
caso, the plane of the vhotograph is parallel to the forging
direction and contains the specimen axis.
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RESULTS AND DISCUSSION

The tenslle date are assembled in the form of true stress -
straln curves in figure 5. Each pexrt of the figure represents one
alloy and shows data for orlentetions of 0°, 30°, 60°, and 90°;
thege values adequately cover the range investigated. The natural
longitudinal strain B (reference 10) was calculated from the
equation: ' ' - :

or

_5:21039(1 v
o

where 4, 1s the initial dlameter of the minimum cross sectlion,

d 1s the diameter at any load, and Ag  is the change In diameter
a8 determined by the gage reading. The value so calculeted iam
equal to the natural lopngitudinal strain in the plastic reglon
assuming constant volume and does not represent the longituvdinal
strain In the elastic region or where Polmson's ratio 1s not equal
to 0.5, ' ' :

The tensile propertles of the various specimens are summarized
in figure 6 as a functlon of orientation. The yleld strength wes
determined at 0.2-percent plastlic strain. This yleld strength ie
not ldentical with the value that wonld be obtained Pfram caleculetions
based on longitudinal strain but is slightly higher. This difference
depends on the unknown varilation of Poisson's ratio in going from
the slastlic to the plastic range. The fracture stress was obtained
by extrapolation of the stress-strain curves to a strain equal to
the ductility or the natural longltudinal strain at fracture.

Plagtic Properties

In figure 5, the stress at a glven straln 1s shown to be nearly
independent of speclmen orientatlon for all three alloys. Hot-cold
working of 168-25-6 alloy that affected approximately 2Z-percent
reduction in area has therefore not produced a noticeable orystallo-
graphlic anisotropy. The lsotropy of plastic strain is further indi-
cated by the dleameter measurements on the fractured specimens, which
show all specimene to have retalned & clreular cross sectlon to

fracture. '
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The strain-hardening rete of 16-25-6 1s considerably lower than
that of 5-816 or Inconel X. This difference is also shown 1n the
necking strain, which is 0.18 for 16-25-6 as compared with 0.26 for
Inconel X; S-816 fractured before necking. These necking strainsg
were determined by graphical differentiatlon of the stress-strain
curves to yield the stress at necking, accordlng to the following
relation given by Seachs Creference 11) and others for gslope at this
point:

ao _
Es- (s

where © 1is the true gtress and 9 18 the naturel longitudinal
strain.

The yield strength is independent of specimen orlentatlon
(fig. 8) as would be expected from the identity of the true stress -
strain curves. Tensile strength would slso be Independent of the
orientatlon except in cases where the duc}ility 1s less than the
necking strain., This fact accounts for the slightly lower tensile
strengths of specimens of 16~25-6 and S-818 having orientation
angles greater than 80°.

Fracture Properties

Fracture stress and ductility of the three alloys investilgated
are influenced by specimen orientation (fig. 6). The curves for
the three materials have the same general shape; the fracture char-
acterlstics are practically constant for orientations less than
approximetely 40? and constent at a lower velue for orlentations
greater than approximately 60°. The change in values is pronounced
for 18-25-6, somewhat less for S-816, and small for Inconel X. In
figure 6, 16-25-6 and S-816 show & loss in ductility of approxi-
mately 60 and 30 percent, respectively, when orientations greater
than 60° are compared with 0°, The corresponding decreeses In
fracture stresses are, however, approximately 19 and 14 percent.
This smaller effect of ductility on the fracture stress for 16-25-6
is expleined by 1ts lower strain-hardening rate.

Exeminetion of etched longltudinal specimen sections heving
orientations of 0° and 90° at a magnification of 8 (fig. 7) show
a fibering of all three alloys parallel to the forging direction.
The fibering i1s most pronounced for 16-25-6 and barely distin-
guishable for Imconel X and S-816. Photographs of the longltudipal
sections near the specimen axis of 16-25-6 are shown at a magnifi-
cation of 8 in figures 7 and 8 and at a magnification of 250 in
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figure 9 for orilentetions of o° 45°, 60°, 75°, and 90°. These
flgures indicate that fibering in 16 25-6 is associated with o
formation of a precipitate in definite layers throughout the
structure. Such & structure has heen reported by Flelschmann
(reference 12) for this alloy after verious aging treatments but
is absent in the solutlion-guenched conditlon. In addition,
Freeman, Reynolds, and White (reference 13) have shown this
layered precipltate to be present in commercilal disk forgings.

For orientations greater than 60°, the fracture apparently follows
the precipitate planes, whereas for small orilentation angles, the
fracture surface is perpendicular to the specimen axis (fig. 9).

Tt is interesting to note that plestic flow, which occurred during
tensile gtraining in the 45° speclmen (fig. 8{(a)), produced a
noticeable decrease in the angle between the fiber plane and the
specimen axlsas. .

True stress - strain curves and yield strengths of the alloys
Investigated were inglgnificantly affected by differences Iin the
direction of stressing in relatlon to the forging direction. The
hot worklng has produced, however, & mechanical anisotropy that
influenced the fracture characteristics of all the alloys in the
same genersl manner. Thus, where weakness can be measured by
fracturing characteristics, the forging direction should probably
be considered in the design of parts in which the principal tensile
stress is applied at an angle greater than 30°,

In figure. 10, the results from this Investigation are compared
with date for several rolled and forged materlals obtained fram
referonces 1, 6, and 7. In most of the reference data, fracture
gtresses were not reported and the comparison l1s made on the basls
of ductility or fracture strain. Although the reference ilnvesti-
gations did not include metallographic examination of the specimens,
all the materlals were worked in such a manner that they might be
expected to possess a fibrous structure. Each material except the
pure copper was solutlon heat-treated. The SAE 1045 and SAE 4334
steels possessed 0O,l-psrcent yield strengths of 130,000 and
146,000 pounds per square Iinch, respectively. All the curveg have
the game genersal shape with ths indicatlion that orientations above
approximately 60° are characterized by constant and low values of
ductility.

A possible explenation for the varlation in mechanical proper-
ties could be given if the precipitated material producing the
fivrous structure were considered ss congtituting planes of wealk-
ness. The location of fracture would then follow the weakness .
planes when a certaln etress condition is reached on these planes.

€202
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The simplest assumptlon would be that fracture occurs on a weakness
plane when the resolved normal stress on this plane exceeds the
fracture ‘stress of the 90° specimen, which 1s assumed to yield the
true fracture stress of the weak material. The variation of fracture
stress with speoimen orientaticn can be determined by using this
concept. Thus, the stress O, normal to a plane of weakness inclined
at an angle © (the previously defined orientation engle) to the
specimen axis would be glven in terms of the applied longitudinal
atress o, as

Op =07 sin? 6

The minimm angle at which fracture is hypothesized +to occur on
‘the weaknesse plane 6p can be determined if the fracture stress of

the 90° gpecimen © n,g &nd the fracture stress of the 0° specimen

O1,f are substltuted for on and O3, respectively, in the preced-
Ing equation. For angles egual to or greater than this value,
fracture should occur along the weskness plane and the obgerved
fracture stress gp should decrease according to the following
function:

On,f
Op = —2al_
T = 5in? 6

Fracture stresses for 16-25-6, S-816, and Inconel X specimens
of various orlentations were compubed on the basis of thls simple
theory and are campared wlth those actually observed 1in figure 1l.
In each casge there lis poor agreement between the celeculated and
experimental values. A more detalled analysls of the problem and
congideration of the effects of both the shear and normal stress on
the weakness plene are apparently necessary.

SUMMARY OF RESULIS

An investigation was conducted to determine the effects of
varlation in the angie between the specimen axis and the forging
direction on the tensile, plastic, and fracture characterlistics at
room temperature Ffor alloys 16-25-8, Inconel X, and S-818. The
following results were obtalined:

1. Fracturing characteristics of the thres alloys investigated
oxhibited an anisobropy that was pronounced for 16-25-6, somewhat
less for S-816, and small for Inconel X. Ductilities of
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16-25-6 speoimens having orlientations greater than 60° were less than
one-half of the value in the forglng direction.

2, The anisctropy of 16-25-6 was associated with planes of
precipltate that were parallel to the forging direction in the
original bar and that constituted the fracture plane of specimens
at orientations greater then 80°.

3. For the three alloys considered in this investigation, the
fracture stress and the ductllity decreased rapldly in the range of
orientations from 40° to 60° and then remained constant to 90°.

4. A comparison of the resulie obtalned 1n this investigatiom
with data from reference reports for geveral obther materlals indi-
cated that, In general, materials that exhibited mechanical fibering
had fracture properties that decreased to & constant value at
orientations greater than approximately 60°,

S. The 1dentity of true sitress -~ strain curves for specimens of
various orientatlions and the fact that the specimens were clrcular
in cross section at fracture indicated that the s&lloys were essentially
crystallographically ilsotrople.

Lewls Flight Propulsion Laboratory,
National Advisory Commlittee for Aeronautics,
Cleveland, Ohio.
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Figure 8. - Longitudinal sections of 16-25-6 specimens having varlous oxlentetlaons.
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